The correct, best-fit value for the prefactor R 0 is 1.927 Ϫ0.238 ϩ0.271 Å (bounds represent 95% confidence intervals). We apologize for any inconvenience this error may have caused. This error does not affect the conclusions of the article.'' www.pnas.org͞cgi͞doi͞10.1073͞pnas.0507472102
EVOLUTION.
For the article ''The application of statistical physics to evolutionary biology,'' by Guy Sella and Aaron E. Hirsh, which appeared in issue 27, July 5, 2005, of Proc. Natl. Acad. Sci. USA (102, 9541-9546; first published June 24, 2005; 10.1073͞ pnas.0501865102), the authors note the following: ''The stationary distribution of fixed genotypes (Eq. 9) was previously derived (1, 2) in the context of the evolution of transcription factor binding sites, by using detailed balance of the substitution dynamics (Eq. 3). The formula appears slightly different between refs. 1 and 2 and ref. 3 , because of slight differences in assumptions; in refs. 1 and 2, continuous time is assumed, whereas in ref. 3 , discrete time is assumed. Furthermore, in refs. 1 and 2, fitness is parameterized in terms of molecular distance from an optimum sequence. These authors also discuss a linear combination of fitness and a quantity they call 'mutational entropy'; when the system is at equilibrium, this combination is very similar to our free fitness. '' In two recent articles a method has been described for calculating the total energy of large molecules. The method is called the kernel energy method (KEM) and requires knowledge of the crystal structure of interest. Calculations are simplified by adopting the approximation that a full molecule could be represented by smaller kernels of atoms. The KEM was illustrated with peptides ranging in size from 4 to 19 amino acid residues, and was found to deliver accurate results. The use of the KEM does not depend upon a particular choice of basis functions and is applicable across quantum computational methods of differing levels of accuracy. These earlier investigations suggested that the KEM could be used to calculate the ab initio quantum mechanical energy of proteins. An application has been made with the protein insulin, composed of 51 aa. Accurate KEM Hartree-Fock energies are obtained for the separate A and B chains of insulin and for their composite structure in the full insulin molecule. A limited basis is used to make possible calculation of the full insulin molecule, which can be used as a standard of accuracy for the KEM calculation. The KEM result obtained is E KEM ‫؍‬ ؊21104.7656 a.u. It differs from a full molecule Hartree-Fock result by only 0.000002%. The solvent molecules can be treated effectively as a separate kernel. The KEM result for the fully solvated insulin molecule is E KEM ‫؍‬ ؊26275.4127 a.u., differing from the full molecule Hartree-Fock result by as little as 0.000023%.
Hartree-Fock ͉ protein ͉ ab initio ͉ quantum mechanics T he ability to apply ab initio quantum mechanics to the study of proteins is of practical importance. The recently introduced kernel energy method (KEM) (1, 2) is sufficiently efficient to provide a quantum description of proteins, based on their known crystallographic structures. In this article, the matter is brought to fruition by a calculation of the energy of the protein insulin (Fig. 1) . Insulin, as determined by Sanger and Tuppy (3), was the first protein of known chemical structure and precise molecular weight. Hodgkin (4) discovered the 3-dimensional crystal structure of the insulin molecule (4). Yalow, an inventor of the radioimmunoassay, first applied her technique to measure the amount of insulin circulating in the blood stream (5) . A necessity for human life, insulin was the first commercial health care product produced by recombinant DNA technology (6) . The molecule is a polypeptide hormone, produced in the beta cells of the islets of Langerhans of the pancreas and is released into the bloodstream. Most cell types in the body carry insulin receptors in their cell membranes. Once the hormone is bound to a receptor, it signals the cell's interior and leads to increased glucose uptake of the cell. In addition to regulating carbohydrate metabolism, it influences the synthesis of protein and of RNA and the formation and storage of neutral lipids. The crystal structure of insulin is well known. Here, that structure, together with the KEM, is used to calculate the total energy of the insulin molecule. Thus, here is a protein to which the KEM calculations have been applied.
For completeness, the main features of the KEM (1, 2) are reviewed. They have been shown to obtain accurate ab initio energies for biological peptides. With the KEM, by adopting the approximation that a full biological molecule can be represented by smaller ''kernels'' of atoms, the calculations are greatly simplified. The calculations are based on structural data, i.e., atomic positions of the molecule to be studied, obtained from a crystal structure determination. A molecule is divided into kernels, as indicated in Fig. 2 . The kernels are chosen in such a way that each atom occurs in only one kernel. All of the atoms in an entire molecule are thus represented in the collection of all of the kernels. The molecular energy is described by a sum over the separate contributions of double kernels (Fig. 2) reduced by the energy of single kernels, which have been overcounted. The fragment calculations are carried out on double kernels and single kernels whose ruptured bonds have been mended by attachment of H atoms. A satisfactory occurrence in the summation of energies is that the total contribution of hydrogen atoms introduced to saturate the broken bonds tends to zero. The effect on the energy of the hydrogen atoms added to the double kernels effectively cancels that of the hydrogen atoms added to the pure single kernels, which enter with opposite sign.
If only the chemically bonded double kernels are considered, the total energy E, is decomposed in this approximation as
where E ij is the energy of a chemically bonded double kernel of name ij, E i is the energy of a single kernel of name i, i, j are running indices, and n is the number of kernels. For better energy accuracy, we include all double kernels. In that case the total energy E, is decomposed in this approximation as
where E ij is the energy of a double kernel of name ij, E i is the energy of a single kernel of name i, i, j, m are running indices, and n is the number of single kernels. The computational results indicate that the KEM is quite accurate (1, 2). The results differ by only small amounts from those obtained by calculations on the full molecule. This result has been shown in the context of both various choices of basis set and use of different quantum chemical methods of calculation. Thus, given known crystal structures, it is feasible to make ab initio quantum mechanical calculations to good approximation for large molecules, employing the notion that the whole may be obtained from the sum of its parts. This is the idea applied here to the protein insulin.
Calculations and Results of Using the KEM Applied to Insulin
Insulin is composed of two peptide chains named A and B. The chains are linked together by two disulfide bonds, and an additional disulfide is formed within the A chain. The A chain contains 21 aa, composed of 309 atoms including hydrogen, and the B chain contains 30 aa, composed of 478 atoms including Abbreviations: KEM, kernel energy method; HF, Hartree-Fock. † To whom correspondence may be addressed. E-mail: williams@harker.nrl.navy.mil.
© 2005 by The National Academy of Sciences of the USA hydrogen. Fig. 1 shows a ribbon diagram of the insulin molecule that gives an impression of the 3-dimensional structure of the molecule. Fig. 3 shows chains A and B. Their amino acid sequences are defined, and the chains are shown broken into the kernels that will be used for calculations. Fig. 3 Upper displays chain A. It is divided into three single kernels distinguished by yellow, light purple, and pink colors. When the calculations of the individual kernels are carried out, the disulfide connection within the A chain is broken, and the resulting two sulfur atoms are attached to different kernels on either side of the disulfide bridge. The dangling sulfur bonds that result are saturated with hydrogen atoms (data not shown). The other two disulfur bridges, which would connect to the B chain in the full insulin molecule, are also broken, and the resulting dangling bonds of the sulfur atoms are saturated with hydrogen atoms, as shown in Fig. 3 . The bonds that connect kernels are also severed and saturated with hydrogen atoms (data not shown) in the KEM calculation of the A chain. Fig. 3 Lower displays chain B. It is divided into five single kernels with light green, gray, peach, green, and light blue colors. There are two sulfur atoms, which would be connected to sulfur atoms in the A chain in the full insulin molecule, and they, as is shown in Fig. 3 , are also treated as S-H in the KEM calculation of the B chain. As mentioned before, here too and in general for all of the KEM calculations, the bonds that connect kernels are severed and saturated with hydrogen atoms for calculation of kernel energies. Fig. 4 Top and Middle shows the full insulin molecule. Fig. 4 Top displays chain A and Fig. 4 Middle displays chain B. In a manner similar to that of Fig. 3 , the amino acid sequence for the full insulin molecule is defined. The entire insulin molecule is shown broken into five kernels, which are to be used for calculations. As before, different colors are used to distinguish the different kernels that make up the full molecule. Here in Fig.  4 , for the full insulin molecule, the choice was made to compose chain A of two kernels and chain B of three kernels, as indicated. The quantum mechanical method that was chosen for testing the KEM in the case of insulin is that of the Hartree-Fock (HF) equations using atomic orbital basis functions of type STO-3G. The HF method is perhaps the most frequently used type of ab initio quantum calculation. Its wave function is a Slater determinant of orthonormal molecular orbitals, which minimize the molecular energy. The HF Hamiltonian is a function of its own orbital eigen-functions, and thus the HF equations are solved selfconsistently. The energy error inherent to the HF equations, called correlation energy error, is quite small, but is nonetheless important. Most other chemistry models can be understood by their comparison with the HF model physical picture and level of accuracy. The basis set used here is one of Gaussian type (7), with atom-centered functions of the form ⌿ GTO (x,y,z) ϭ x l y m z n e Ϫr 2 , where x,y,z are the local (atom-centered) Cartesian coordinates, l,m,n are positive integers chosen to describe the angular momentum of the orbital, and r is the radial distance to the atomic center. Gaussian basis functions allow evaluation of energy integrals in closed analytical form, and for that reason are widely used. STO-3G is a minimal basis set that contracts three Gaussian functions to approximate one Slater-type orbital. The choice made here is to use a minimal basis set, to make possible calculation of results for the entire molecules as whole entities. Having the total molecule results provides a standard against which to assess the accuracy of the KEM calculations, which are carried out on kernels that are very much smaller than the full molecules.
Shown in Table 1 are the calculated energies for the insulin A chain based upon a decomposition of the molecule into the three kernels illustrated in Fig. 3 . The results using the KEM are compared with those obtained for the full molecule, and the energy differences are listed. The KEM calculations are shown for both Eq. 1 and Eq. 2. Also shown are all of the analogous results for the case of the insulin B chain. In the same table, there are also displayed all of the analogous results for the full insulin molecule, which contains 783 atoms and is composed of the five kernels shown in Fig. 4 . The full insulin molecule yields a calculated total energy of E HF ϭ Ϫ21104.7660 a.u.. The KEM result, E KEM ϭ Ϫ21104.7656 (Eq. 2), differs from this by as little as 0.0004 a.u. For all three molecules, i.e., chain A, chain B, and the complete insulin molecule, the energy differences were calculated corresponding to the full molecule result and its approximation by the KEM. The energy differences listed are relatively small. In all three cases, the Eq. 2 differences are less than those of Eq. 1, and are of magnitude Ͻ1 kcal͞mol, as indicated along the bottom row of Table 1 .
In the last column of Table 1 , the case of the full insulin molecule in the presence of solvent molecules is considered. In the crystal, the solvent molecules are present as 56 H 2 O and a single 1,2-dichloroethane. The fully solvated insulin contains a total of 959 atoms. All of the atomic positions of the solvent molecules together with those of the full insulin have been determined crystallographically (Protein Data Bank, PDB ID code 1APH), except for hydrogen atoms, which we have added. In the KEM calculations that have included solvent, all atoms of the solvent together have been used to define one additional kernel, over and above the five kernels chosen to represent the full insulin molecule, as indicated in Fig. 4 
Discussion and Conclusions
The electronic structure of protein molecules is still not routinely accessible to study by quantum mechanical methods. Here, it has been shown to be possible using the KEM in the case of the protein insulin. Thus, quantum mechanical explanation, so useful in application to molecules of moderate size, will prove useful, too, with a protein molecule as large as insulin. In this paper the KEM, which represents a combination of crystallography and quantum mechanics, while simplifying calculations, has achieved near ab initio accuracy in the energy for insulin. This result has been demonstrated with the components of insulin called chains A and B, the full insulin molecule, and the fully solvated crystalline insulin molecule. The demonstration was carried out by using the HF approximation in a limited Gaussian basis.
The numerical results collected in Table 1 indicate the validity of the KEM in its application to the various aspects of insulin structure that were studied in this work. In judging the accuracy of the KEM, the energy differences of interest are those between the full molecule energy, and that predicted by the KEM, both in the same basis and using the same equations of motion. It is those energy differences that have been calculated and tabulated. They are displayed for each component chain of insulin, the full insulin molecule, and the crystalline solvated molecule.
The KEM may be applied most simply by use of Eq. 1. This equation accounts for only those double kernels that are composed of pairs of kernels chemically bonded to one another. Consistent with previous experience, the results of Eq. 1 have good accuracy across the whole range of insulin calculations examined in Table 1 . As expected, the accuracy is even better as the table indicates when using Eq. 2, which incorporates all double kernels, not just those based on chemically bonded pairs of kernels.
In the numerical comparisons afforded in Table 1 between the full molecule energies and the corresponding energies obtained from the KEM approximation, we see they are quite close. As before, the accuracy of the KEM is to be judged according to the energy differences between full molecule and the KEM , both in the same basis and using the same equations of motion. It is these energy differences that are listed in Table 1 . As in the previous experience with peptides, Table 1 shows that, when the energy is calculated by using Eq. 1, which accounts for only those double kernels composed of chemically bonded pairs of single kernels, the results have good accuracy across the whole range of insulin models that have been tested. There is no energy difference listed in Table 1 , which would preclude routine practical application of Eq. 1, because all of the energy differences listed are relatively small. Similar remarks hold true with even greater force for the calculation of energy using Eq. 2. The energy differences generated by application of Eq. 2 to the protein insulin are relatively small. Table 1 shows the numerical results for application of the KEM to the chain components of insulin, i.e., chains A and B. With the use of Eq. 1, the energy differences between the full molecule results and the KEM result are only of magnitude 14.2830 and 1.6773 kcal͞mol, respectively, for chains A and B. The percentage differences of these energy calculations are 0.000249% and 0.000022%, respectively. The energy differences resulting from Eq. 2 are generally smaller than from Eq. 1, as expected. If the full insulin molecule is considered, the magnitude of the energy difference associated with Eq. 1 is 7.5008 kcal͞mol, whereas with Eq. 2 the magnitude of the analogous difference is 0.2262 kcal͞mol. These energy differences correspond to percentage differences of 0.000057% and 0.000002%, respectively.
In Table 1 , the results are given for the explicit treatment of the solvent molecules that have been crystallized together with insulin. It may be seen from the table that the solvent molecules may be collected into one solvent kernel with results whose accuracy is good. The differences are only of magnitude 10.9428 kcal͞mol and 3.7921 kcal͞mol, respectively, using Eqs. 1 and 2. The corresponding percentage differences are 0.000066% and 0.000023%, respectively. Thus, it is shown here that solvent molecules of crystallization may also be included in the KEM calculations with good accuracy.
The KEM has proven to be applicable to all aspects of the insulin molecule that we have tested. The magnitude of all energy differences obtained between E HF and E KEM are relatively small. Moreover, the energy differences are of the same order of magnitude as would be expected from the previous work in the case of peptides. We conclude that the KEM calculations are applicable to the energy and electronic structure of proteins, as illustrated in the case of insulin. Because the method constructs a whole molecule from the sum of its quantum mechanical parts, it is especially suitable for parallel computation. Thus, future quantum mechanical studies of proteins in many areas, including rational drug design, may be anticipated. Also, it should be possible to use larger basis sets with the KEM, and correlated density functional theory computational approaches.
